We tested for the effects of a single generation of full-sib inbreeding on quantitative sexual behaviour patterns whose contributions to the reproductive success of male guppies, Poecilia reticulata, are known. The parental stocks were derived recently from natural populations in Trinidad and from an introduced population in Haiti. Contrary to an earlier report in which behavioural levels were correlated with level of heterozygosity, no overall additive effects of breeding system were found. However, significant breeding X father interactions suggest that breeding system can have an effect, but that different genotypes respond in different manners. The data support earlier findings of Y-linkage of major sexual behaviour patterns in inbred strains of guppies. The magnitude of autosomal influences on male sexual behaviour was consistent over three independent data sets, but the mode of action of autosomal factors appears to be very complex.
INTRODUCTION
Most studies of inbreeding in animals have concentrated primarily on its effects on fecundity, offspring viability, and abnormal morphology (e.g., Falconer, 1960; Wright, 1977; RaIls et a!., 1979; Packer, 1979) . A few have dealt with inbreeding effects on various behavioural measures, including reduced sexual vigour in Drosophila (Maynard Smith, 1956; Fulker, 1966) , guinea pigs (Jakway, 1959) , and mice (McGill, 1970) , and reduced abilities to regulate hive temperatures and to recruit workers to a food source in honeybees, Apis mellifera (Bruckner, 1975 (Bruckner, , 1976 (Bruckner, , 1978 . In the present study we examine the contrasting effects of inbreeding and outcrossing on quantitative sexual behaviour patterns that influence fitness in male guppies, Poecilia reticulata.
The rate at which male guppies court females is a primary determinant of male mating success; those males with the highest rate of courtship display have a greater chance of encountering a receptive female and are preferred by females (Farr, 1980a) . The courtship display consists of a sigmoid arching of the body with the unpaired fins either closed or fully spread (Baerends et a!., 1955) . The low-intensity display with closed fins is believed to be a probe of a female's receptivity, while the more conspicuous open display with spread fins is more likely to elicit a female response allowing copulation (Farr, 1977 (Farr, , 1980b . Males can also increase their reproductive success through forced inseminations (Farr, 1980a) ; they merely orient behind a female, erect the gonopodium (the anal fin modified * Present Address: Department of Biological Science, Florida State University, TaIlahassee, Florida 32306, U.S. A. 285 into an intromittent organ), and attempt forcefully to insert the gonopodial tip into the female's gonopore. Inseminations through the display-acceptance route are more likely to result in offspring production than are those through gonopodial thrusting, because females are more likely to respond to a male's display when they possess ripe ova (Kadow, 1954; Liley, 1966) , and because fresh sperm are more viable than older stored sperm (Winge, 1937; Hildemann and Wagner, 1954) . The inheritance of rates of courtship display and gonopodial thrusting is primarily through genes linked to the Y-chromosome, but autosomal factors can also influence sexual activity (Farr, 1983) . Rate of closed courtship displays and the total number of courtship displays per unit time appeared to be correlated with degree of autosomal heterozygosity. The F1 male progeny produced by crossing two inbred strains were sexually more active than the paternal strains, indicating heterosis, and backcrossing the F1 males to the original parental strains caused a reduction in rate of courtship. The backcrosses of F1 males to the isogenic parental strains resulted in an average 50 per cent loss in heterozygosity. The rates of open courtship displays and gonopodial thrusting were not correlated with level of heterozygosity.
One generation of full-sib mating reduces heterozygosity by 50 per cent (Crow and Kimura, 1970) . If heterozygosity and sexual activity are correlated, a single generation of inbreeding could result in male progeny at a significant reproductive disadvantage relative to outbred individuals. In the present study, we test whether one generation of full-sib inbreeding is sufficient to reduce levels of male sexual behaviour relative to outcrossing.
MATERIALS AND METHODS
Two outbred stocks of guppies polymorphic for secondary sexual colouration formed the basis for this experiment. One consisted of descendants of one population introduced into Haiti, and the other stock consisted of descendants of several wild populations in Trinidad. These are not isogenic inbred strains, and both stocks had been maintained in our laboratory in large collective breeding aquaria for less than ten generations. Although initial sampling and subsequent genetic drift have certainly reduced somewhat the genetic variability within these stocks as compared to the original parent populations in Haiti and Trinidad, the persistence of the polymorphism in male colouration and the tendency for females to mate with rare males (Farr, 1977 (Farr, , 1980a indicate that all variation was not lost.
We made reciprocal crosses of Haiti males )< Trinidad females and Trinidad males X Haiti females to produce two F1 stocks, designated HT and TH, respectively. These two stocks thus have identical mean genetic backgrounds and incorporate the genetic variation of both the Trinidad and Haiti parental stocks. Each of eight randomly chosen HT and eight TH males was then crossed with two females to produce an inbred and an outbred line with a common father. The inbred line was produced by crossing the male with a full sister (F=0.25). The outbred line was produced by pairing males with unrelated females of the opposite F1 type; HT males were crossed with TH females, and TH males with HT females. Because our original Trinidad and Haiti stocks are not isogenic, the offspring from our outcrossed matings are on average heterozygous at more loci than are those from full-sib inbreeding. This mating scheme differs from that of Farr (1983) , in which backcrosses of F1 males to females of either inbred parental strain resulted in a 50 per cent loss of heterozygosity.
All crosses were performed in 10 litre aquaria. Where one male was crossed with two females, the two females were held in adjacent tanks and the male was transferred weekly from one tank to the other. Each female was allowed to produce at least three broods, and the broods were reared in the aquaria in which they were born. Females were transferred to new aquaria after giving birth.
All tanks with gravid females were planted with Fontinalis sp. as a refugium for newborn young. Water temperature was 23°C, and the laboratory was kept on a 12: 12 light: dark cycle. Fish were fed TetraMin dried flake food, supplemented at least twice weekly with live Artemia nauplii and Tubifex worms.
Behavioural observations were made on fish in 375 litre aquaria.
Because single males in the presence of females exhibit very low levels of sexual behaviour (Farr and Herrnkind, 1974; Farr, 1976) , each observation aquarium contained two males (full sibs) to be assayed and two gravid females, the latter from a third unrelated stock aquarium. Males were (f) The ratio of the number of gonopodial thrusts to the total number of displays (T/CO). The breeding scheme allowed the following design for variance analysis.
Individual fathers were nested within paternal F1 type (HT or TH), and breeding treatment (inbred or outbred) was crossed with both paternal F1 type and individual fathers. The design controls for potential Y-linkage of the various behavioural traits by using a common father for testing the effects of inbreeding.
The design was intended to be completely balanced, with six offspring observed from each cross. However, owing to low fecundity and adult female and juvenile mortality, and occasional complete sexual inactivity of test males, the number of males tested per cross ranged from four to six. Rate of gonopodial thrusting required a log transformation, and the proportion of the total courtship displays of the open type (0/CO) required an arc sine transformation. Because ratios have undesirable statistical properties, the ratio of gonopodial thrusts to total courtship displays (T/C0) was analysed as the difference between two logarithms (In T-ln CO). Two treatment variables, paternal F1 type and breeding treatment, were fixed factors, and one, the individual fathers, was a random factor (Hays, 1973: See Care must be taken in the interpretation of the sums of squares in this analysis. The sum of squares for the interaction of paternal F1 type X breeding is also the sum of squares for effects of maternal F1 type (a fixed factor), and the breeding sum of squares is also the sum of squares for the interaction of paternal F1 type and maternal F1 type ( fig. 1 ). Because fathers are nested within paternal F1 type, the interaction of individual fathers and breeding is identical to that for individual fathers X maternal F1 type.
Finally we should point out that because the statistical design was not completely balanced, the sums of squares for individual treatments and interactions are not completely independent. We have used conservative estimates of all treatment effects and interactions, so the sum of all individual sums of squares is less than the total sum of squares in all analyses. 
RESULTS
Although a prior study (Farr, 1983) indicated that at least two measures of male sexual behaviour, number of closed courtship displays and total number of courtship displays, were correlated with level of autosomal heterozygosity, no main effect of a single generation of full-sib inbreeding on any variable in this study could be detected (tables 2 and 3). There were no effects of paternal F1 type (HT or TH) on any variable. However, there were highly significant half-sib effects (common father) on every trait, as well as father X breeding system interactions for all but the number of open courtship displays and the proportion of all displays that were of the open type. One variable, the number of closed courtship displays, showed a significant paternal F1 type X breeding interaction.
To re-use sums of squares from the above analysis for tests of the effects of maternal F1 type on sexual behaviour of males, it was necessary to recalculate two F ratios because of the nature of the mixed model design ( but those for 0 and 0/CO were significant. The significant effects of having a common father and the significant breeding X father interactions are clearly seen for two traits, total number of courtship displays and number of gonopodial thrusts, in fig. 2 . The other four traits were similar. Every trait displays a complex set of interactions that, in net effect, cancel one another, rendering impossible the detection of an additive effect of the breeding system. Although the statistical design does not allow for a direct test of Y-linkage of sexual behavioural measures, that the coefficients of determination for the effects of having a common father (table 3) are 2-6 times higher than those for presumed autosomal contributions from mothers (see below) suggests that the paternal contribution includes Y-linked as well as autosomal genes.
What is the biological significance of the father x breeding system interactions? Interactions are not merely a reflection of different magnitudes of a generally unidirectional phenomenon ( fig. 2) . Rather, whatever caused the interaction determined whether the lines went up or down. If we remove the labels "outbred" and "inbred" or "HT mother" and "TH mother", we are left with the fact that one male was paired with each of two different females. The differences between crosses within fathers can thus be attributed to X-linked factors, general autosomal effects, or non-genetic maternal effects. Farr (1983) found no evidence for X-linked genes affecting male behaviour and very small non-genetic maternal effects. Autosomal factors are thus most likely causing the significant interactions. In table 4 we compare the magnitude of supposed autosomal effects on male sexual behaviour from three independent sets of crosses. The first two are from Farr (1983) , one in which two inbred strains, their F1 hybrids, and four backcrosses were observed, and the second from crosses between normal XY males and sex-reversed XY females. The third is from the present study and used fish unrelated to those in the first two data sets. Furthermore, one of us (JAF) performed all quantitative observations for the first set, while the other (KP) performed all those for the second and third data sets.
The magnitude of the autosomal effects is expressed as coefficients of determination, the percentage of the total variance accounted for by autosomal factors.
There is surprising agreement among the three data sets in the contribution of autosomal factors to quantitative male sexual behaviour patterns. Generally, approximately ten percent of the total variance can be accounted If an extreme value is to be found, the autosomal contribution to rate of gonopodial thrusting in the first data set (17.3 per cent) is much higher than the rest. We conclude from these analyses that one generation of full-sib inbreeding does not result generally in significantly reduced male sexual activity in the populations, although this effect can occur in the progeny of some males. Farr (1983) 
Discussion
There were no detectable overall effects of one generation of inbreeding on any quantitative male sexual behaviour patterns examined despite the apparent general positive correlation between level of heterozygosity and some aspects of male sexual behaviour reported earlier (Farr, 1983) . The highly significant interactions between breeding system and individual fathers indicate that breeding system can affect different genotypes differently, however, so it is incorrect to conclude that breeding system has no effect on male sexual behaviour whatsoever.
Because Farr (1983) used highly inbred strains in his previous study, it is possible that the F1 generations were much more heterozygous than the TH and HT individuals used here, and that the difference in number of heterozygous loci between Farr's (1983) F1 and backcross generations was much greater than the difference between our present inbred and outbred individuals. Consequently, further generations of inbreeding might have resulted in the overall depression of behaviour reported earlier. However, the tendency of female guppies to mate with rare or novel males (Farr, 1977 (Farr, , 1980a would probably prevent more than a single generation of inbreeding in natural populations.
A second consideration concerning the lack of inbreeding effects on male behaviour is that inbreeding might have resulted in reduced male sexual behaviour if the fish had not been reared under constant conditions.
If heterozygosity provides a buffer against a fluctuating environment (Lewontin, 1956 (Lewontin, , 1958 Bryant, 1974; Johnson, 1974 Johnson, , 1976 Wool and Sverdlov, 1976; Rothman, 1978a, 1978b; MacKay, 1981) , perhaps developmental abnormalities under fluctuating laboratory conditions would have been manifested as a reduction in sexual activity in the inbred offspring. At present we can only speculate.
Despite the lack of an overall additive effect of breeding system on sexual behaviour, we cannot conclude that inbreeding is not deleterious in guppies. Beardmore and Shami (1979) demonstrated that individuals exhibiting low heterozygosity at various isozyme loci had shorter lifespans, exhibited the most extreme numbers of caudal fin rays (an indication of reduced homeostatic abilities), and were less fecund. These effects would not have as immediate an effect as reduced male sexual behaviour, but they are nonetheless harmful in the long run.
Our data are consistent with the major patterns of inheritance reported by Farr (1983) . Farr's previous work used several inbred laboratory strains, and because the fish used in our present study were derived recently from wild populations, it is probable that Y-linkage of male behavioural traits in guppies is a general phenomenon and not peculiar to a few laboratory strains. Autosomal factors act primarily as a mechanism for fine-tuning, but their mode of action is obviously very complex.
That the three independent data sets show similar autosomal contributions to quantitative male behaviour patterns does not imply similar modes of action. Farr predicted previously that autosomal and, perhaps, X-linked influences on male behaviour might be stronger in some populations than in others, and the different data sets might reflect qualitative variation in the fine-tuning mechanisms. The present study makes clear that detailed genetic analyses of natural populations are essential. Further studies on inbreeding are also necessary, particularly in view of female preferences for rare or novel males (Farr, 1977 , 1 980a), a possible behavioural response maximising outbreeding and heterozygosity in a temporally fluctuating environment (Lacy, 1979; Farr, 1980a) .
